Recent studies have detected mutations in the EDA gene, previously identified as causing X-linked hypohidrotic ectodermal dysplasia (XLHED), in two families with X-linked non-syndromic hypodontia. Notably, all affected males in both families exhibited isolated oligodontia, while almost all female carriers showed a milder or normal phenotype. We hypothesized that the EDA gene could be responsible for sporadic non-syndromic oligodontia in affected males. In this study, we examined 15 unrelated males with non-syndromic oligodontia. Three novel EDA mutations (p.Ala259Glu, p. Arg289Cys, and p.Arg334His) were identified in four individuals (27%). A genetic defect in the EDA gene could result in non-syndromic oligodontia in affected males.
INTRODUCTION
T ooth agenesis (MIM# 106600), the congenital absence of one or more permanent teeth, is a common human anomaly (Pemberton et al., 2005) . In most populations, the reported prevalence of permanent tooth agenesis, excluding third molars, varies from 2.2 to 10.1% (Polder et al., 2004) . In the majority of cases, persons are missing only one tooth (Daugaard-Jensen et al., 1997) . The prevalence becomes progressively smaller as the number of missing teeth increases. Agenesis of more than two teeth occurs in approximately 1% of the population (Polder et al., 2004) . Selective tooth agenesis is divided into 2 types: hypodontia, the agenesis of fewer than 6 teeth, and oligodontia, the agenesis of 6 or more permanent teeth. In both cases, the third molars (wisdom teeth) are not included. Oligodontia (MIM# 604625) is a rare anomaly, affecting approximately 0.1 to 0.3 % of the population (Polder et al., 2004) .
Although several potential and verified environmental factors in tooth agenesis have been identified, genetic defects play a major role in the etiology (Graber, 1978; Burzynski and Escobar, 1983; Vastardis, 2000) . So far, researchers have identified genetic defects that cause tooth agenesis either as a sole anomaly (isolated or non-syndromic) or as a part of multiple congenital anomalies (syndromic). One gene associated with syndromic tooth agenesis is the EDA gene (MIM# 300451), which underlies X-linked hypohidrotic ectodermal dysplasia (XLHED; MIM# 305100). XLHED is a rare condition, in which some of the symptoms are sparse hair, defective sweat gland development, tooth agenesis, and reduced tooth size (microdontia) (Kere et al., 1996; Mikkola and Thesleff, 2003) .
Non-syndromic tooth agenesis has wide phenotypic heterogeneity and is classified as either sporadic or familial, which can be inherited in an autosomaldominant, autosomal-recessive, or X-linked mode (Burzynski and Escobar, 1983) . Dominant mutations in MSX1 (MIM# 142983), PAX9 (MIM# 167416), and AXIN2 (MIM# 604025) have been found in families with non-syndromic tooth agenesis (Vastardis et al., 1996; Stockton et al., 2000 , Lammi et al., 2004 . However, mutations in these genes were detected in only a few affected individuals, suggesting that there may be other unidentified genetic defects responsible for this disease (Scarel et al., 2000; Frazier-Bowers et al., 2002) . Recently, a missense mutation (p.Arg65Gly) in the EDA gene has been reported in a Chinese family with X-linked non-syndromic hypodontia (Tao et al., 2006) . Following this report, another mutation (p.Gln358Glu) was detected in affected members of an Indian family with X-linked hypodontia (Tarpey et al., 2007) . Unlike XLHED, affected persons in both families had no other clinical features but tooth agenesis. Specifically, affected males in both families exhibited oligodontia, with 6-24 teeth absent, while almost all female carriers were normal or had a milder phenotype (Tao et al., 2006; Tarpey et al., 2007) . Therefore, we hypothesized that the EDA gene might be a candidate gene for non-syndromic oligodontia in affected males. , and H. Feng
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MATERIALs & METHODs study Individuals
Fifteen non-consanguineous males were chosen from among the patients referred to the Department of Prosthodontics at Peking University School and Hospital of Stomatology for diagnostic evaluation and treatment of tooth agenesis. A dentist determined the status of the dentition through oral and radiographic examinations for the patients and their available parents. The shapes and the sizes of the residual teeth were observed by the dentist.
DNA sequence Analysis of the EDA Gene
This study was conducted with the approval of the Ethics Committee of Peking University Health Science Center. All participants and/or their legal representatives were fully aware of the scope of this study and signed an informed consent form prior to enrollment. Blood samples were obtained and genomic DNA was isolated by a standard high-salt method. Genomic DNA from 60 females (each female has two X chromosomes) was used as a control. Screening of the EDA gene was performed by direct sequencing of 8 PCR fragments that cover the entire cDNA of 8 exons and intron-exon junctions of more than 100 base pairs. Gel-purified PCR fragments were sequenced on an Applied Biosystems 377 automated sequencer in an ABI PRISM fluorescent dye terminator system (Perkin Elmer, Foster City, CA, USA).
Protein structure Analysis
We used the crystal structure of EDA-A1, PDB coordinate 1RJ7 (Hymowitz et al., 2003) , as a scaffold for the protein structure analysis. The structures were analyzed with the Insight II (2000) software package (Accelrys Inc., San Diego, CA, USA). Figures were created with PyMOL (The PyMOL Molecular Graphics System, DeLano Scientific, Palo Alto, CA, USA; http://www.pymol.org).
REsULTs

Clinical Details
Although the missing teeth were distributed extensively in both dentitions, the shapes and the sizes of the residual teeth were observed to be normal (Fig. 1A) . A panoramic radiograph was taken to confirm the diagnosis of oligodontia for the 15 study individuals (Fig. 1B) . None of their parents had congenitally missing teeth, and their mothers did not have small or conical teeth. Phenotypic characteristics of scalp and body hair, skin, nails, tolerance to heat, and ability to sweat were examined through observation, palpation, and inquiry. All participants reported normal sweating and lachrymal secretions. They had no complaints about feeling of dry mouth, intolerance to heat, or susceptibility to respiratory tract infections. The participants had hair on the body and scalp, and their facial features, skin, and nails were observed to be normal (Fig. 1C) .
DNA sequence Analysis of the EDA Gene
In this study, 3 novel missense mutations (p.Ala259Glu, p. Arg289Cys, and p.Arg334His) were identified in four out of 15 non-syndromic oligodontia males (Table) . The numbers and positions of the congenitally missing teeth of these four persons are shown in Fig. 1D . Although the manifestation of oligodontia was not uniform among these individuals, their maxillary and mandibular first molars were all present.
For participant 1, the nucleotide sequence showed a C to A transition at nucleotide 776 (c.776C>A) of the coding sequence in exon 6 of EDA, changing codon 259 from encoding Ala to Glu. Neither parent carried the mutation ( Fig. 2A, Table) , suggesting that the mutation was de novo. The same p.Ala259Glu (c.776C>A) mutation was also identified in participant 2 (Fig.  2B , Table) . Although his maternal sample was not available, the possibility of participants 1 and 2 having inherited the mutation from a common ancestor was excluded, because participant 1's mutation is most likely de novo.
The p.Arg289Cys (c.865C>T) mutation was detected in participant 3. It is a C to T transition at nucleotide 865 of the coding sequence in exon 7 of EDA, changing codon 289 from encoding Arg to Cys. Analyses of his parents revealed that the mutant allele came from his mother (Fig. 2C, Table) .
In participant 4, the p.Arg334His (c.1001G>A) mutation is due to a G to A transition at nucleotide 1001 of the coding sequence in exon 8 of EDA, changing codon 334 from encoding Arg to His. Sequence analyses of his parents revealed that the mutant allele also came from his mother (Fig. 2D, Table) . All mutant alleles identified in this study were not detected in the 120 control X chromosomes (60 females).
Protein structure Analysis
Structural analysis of the EDA protein revealed that, in the wildtype three-dimensional EDA structure, residue Ala259 is located at the outer surface of the homotrimer (Fig. 3A) , interacting hydrophobically with non-polar residues Met279, Leu286, His287, and Pr0288 from the adjacent trimer (Fig. 3B) . The substitution of Ala with Glu, which is a hydrophilic amino acid containing a hydrophilic amino acid with a side-chain longer than Ala, may eliminate the hydrophobic interaction.
Similarly, the residue Arg289 is also situated at the outer surface of the homotrimer (Fig. 3A) , where it forms hydrogen bonds with Asn 272, and forms hydrogen bonds and electrostatic interactions with Glu308 of the adjacent homotrimer(s) to stabilize the multi-trimer asymmetric unit (Fig. 3C) . The mutation p.Arg289Cys would abolish these interactions.
Three Arg334 residues, one from each monomer at the monomer-monomer interface (Fig. 3A) , form hydrogen bonds in an interacting network (Fig. 3D) . The mutation p.Arg334His would interrupt this interaction network. Therefore, structural analyses revealed that these mutations would produce conformational changes, potentially altering the stability of the EDA homotrimers.
DIsCUssION
In the present study, identification of EDA mutations in 27% (four out of 15) of unrelated affected individuals indicates that EDA is a candidate gene involved in non-syndromic oligodontia. Although several mutations in the EDA gene leading to XLHED have been reported, all mutations causing non-syndromic oligodontia identified in this study, as well as the two mutations reported in previous studies, are novel missense mutations (Tao et al., 2006; Tarpey et al., 2007) .
In this study, the mean number of missing teeth (excluding the third molars) in the four individuals with mutations was 14 (range, 8 to 18 teeth), which is less than the mean number of missing teeth in those with XLHED (22; range, 14 to 28; Lexner et al., 2007) . In persons with XLHED, the incisors in the maxilla usually had a tapered and conical morphology (Lexner et al., 2007) , but these tooth malformations were not observed in our study participants. The above evidence suggests that there is a noticeable correlation between the genotype and the phenotype.
Considering that all four individuals did not have central or lateral incisors of both dentitions, consistent with the phenotype observed in two previously reported families (Tao et al., 2006; Tarpey et al., 2007) , we recommend that mutation analysis of the EDA gene be performed in persons with isolated oligodontia, especially when central and lateral incisors are absent in both dentitions. In addition, it was noticeable that several of our participants appeared to have congenitally missing maxillary and mandibular canines, which is very rare in isolated oligodontia with other genetic defects (Kim et al., 2006) .
The EDA gene encodes the protein ectodysplasin-A (EDA), a member of the tumor necrosis factor (TNF) superfamily. EDA is a type II transmembrane protein with a C-terminal TNF homology domain consisting of 10 predicted anti-parallel β-sheets linked by variable loops (Ezer et al., 1999) . The TNF homology domain forms a homotrimer (Ezer et al., 1999) , which is required for interaction with the receptor at the monomer-monomer interface (Hymowitz et al., 2000) . Mutations in the TNF domain affect the interaction of EDA with its receptors, ectodysplasin-A receptor (EDAR) and ectodysplasin-A2 receptor (EDA2R; Schneider et al., 2001) . The missense mutations observed in this study are all located within the TNF-like domain (residues 245-391) of EDA. We speculate that these mutations may also affect the interaction of EDA with its receptors, which correlates with the non-syndromic phenotype.
Among the previously reported XLHED-causing mutations, p.Gly255Cys, p.Gly291Arg, and p.Cys332Tyr are physically closest to the mutations p.Ala259Glu, p.Arg289Cys, and p.Arg334His, identified in this study. P.Gly255Cys and p.Gly291Arg are both mutations replacing the smallest amino acid Gly, with large residues that could not be accommodated structurally, probably globally destabilizing the ligand (Hymowitz et al., 2003) . The p.Cys332Tyr mutation is located adjacent to the receptor specificity switch E308 and was predicted, based on the structure, to participate in the formation of active sites (Hymowitz et al., 2003) . These XLHEDcausing mutations may severely affect EDA function by impairing interactions with the receptors (Schneider et al., 2001) . In a comparison of the mutations causing the isolated hypodontia phenotype with the mutations causing the full XLHED phenotypes, the mutations p.Ala259Glu and p. Arg289Cys, identified in the present study, were both located at the protein surface, away from the active site Glu308. We propose here that changes in these residues, including the p. Arg334His substitution, would influence the stability of only the homotrimers and partially affect EDA function. This proposal is supported by the observation that all XLHED-causing missense mutations in the TNF domain resulted in a protein that could not interact with EDAR and EDA2R, while p. Ser374Arg retained weak, but apparently specific, binding activity to EDAR, but not to EDA2R (Schneider et al., 2001) . The family with the p.Ser374Arg mutation had two affected males and one affected maternal grandfather with isolated hypodontia, similar to the phenotype of isolated hypodontia in this study. Therefore, we speculate that the phenotype difference between isolated oligodontia and XLHED might be related to the different effects of the mutations on EDA structure and function. While XLHED-causing mutations result in the loss of interaction of EDA with EDAR, mutations causing isolated oligodontia likely cause only a partial loss of EDA function, which specifically targets the development of teeth, as we saw in our study participants.
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